If the gravitational force on a projectile is larger than the aerodynamic forces then the trajectory is usually close to parabolic. In the opposite limit, the trajectory can be quite different. A light ball with sufficient backspin can curve vertically upward through the air, defying gravity and providing a dramatic visual demonstration of the Magnus effect for classroom demonstration purposes. A ball projected with backspin can also curve downward with a vertical acceleration greater than that due to gravity if the Magnus force is negative. These effects were investigated by filming a light polystyrene ball and a large diameter ball projected in an approximately horizontal direction so that the lift and drag forces could be easily measured. The balls were also fitted with artificial raised seams and projected towards a vertical target in order to measure the sideways deflection over a known horizontal distance. It was found that (a) a ball with a seam on one side can deflect either left or right depending on its launch speed and (b) a ball with a baseball seam can also deflect sideways, depending on the orientation of the seam, even when there is no sideways component of the drag or lift forces acting on the ball.
I. INTRODUCTION
to the safety aspect, is that aerodynamic forces on a ball can be measured more accurately when the gravitational force is relatively weak.
Many experiments have previously been described on measurements of g and the drag force on a ball falling vertically through the air or through a liquid. [9] [10] [11] Only a few experiments have been reported where aerodynamic forces were derived from measured ball trajectories [12] [13] [14] or from a ball passing through light gates. 15 Effects of ball seams and roughened surfaces have previously been studied for specific sports ball types including baseballs 2,4,7,15 , cricket balls [15] [16] [17] [18] and soccer balls 19 . The raised stitching of a baseball is known to affect the flight path of a slowly spinning knuckleball, although the stitching has not previously been found to affect the flight of other pitched baseballs. In this paper evidence is provided that the stitching can also affect the flight of a rapidly spinning baseball.
Asymmetric air flow around a cricket ball has been studied primarily in relation to a phenomenon known as reverse swing. 7, [16] [17] [18] Under some conditions, a cricket ball can curve sideways in the "wrong" direction. When a cricket ball is new, both sides of the ball are smooth and the asymmetry in air flow is due to alignment of the stitching. Unlike a baseball, the stitching of a cricket ball runs around the equator, and it is usually aligned by the bowler at an angle of about 20
• to the path of the ball. With a new ball, reverse swing occurs only at ball speeds above about 90 mph. A cricket ball develops a rough and a smooth side during match play, in which case reverse swing can occur at lower speeds since surface roughness adds to the effect of the raised seam in generating turbulent air flow around the ball. Players deliberately polish one side of the ball during a match in order to maintain the asymmetry.
If one side of the ball is rough enough then reverse swing can be achieved even when the stitching is aligned parallel to the air flow, in which case the asymmetry in the air flow is due entirely to the fact that one side of the ball is rougher than the other.
A disadvantage in studying real sports balls is that the geometry can be complicated by the curved shape of the stitching or by the fact that the stitching needs to be aligned at an angle to the flight path. The latter problem is not an issue when examining air flow in a wind tunnel since the ball can simply be rotated at any desired angle to the air flow.
In the present experiment the effects of ball asymmetry were studied in a simpler manner, more suited as an undergraduate project, by projecting a ball with backspin to measure the deviation in its path caused both by the Magnus force and by a left-right asymmetry. The balls were projected with backspin to stabilize the orientation of the ball and to allow the left or right sideways force to be measured independently of the gravitational and Magnus forces acting in the vertical plane. It is well known that the flow of air around an object in flight can be asymmetrical in both the front-to-back and transverse directions, especially if the object itself is asymmetrical.
II. ORIGIN OF SIDEWAYS FORCES
The front-to-back asymmetry contributes to the drag force, the air pressure at the front of a projectile being larger than the pressure at the rear. In the case of a sphere, asymmetrical air flow in the transverse direction can be induced either by spinning the ball, in which case the asymmetry results in a Magnus force, or by modifying the surface of the sphere so that the sphere is asymmetrical in a transverse direction. For example, one side of a sphere might be rougher than the other. An asymmetry of the latter type results in a side force that can arise even if the sphere is not spinning. Regardless of the source of the asymmetry, if the air is deflected downwards by a ball in flight then the air exerts an equal and opposite force upwards on the ball. Similarly, if the air is deflected to the left by the ball, then the air exerts an equal and opposite force to the right on the ball. Deflection of the air flow is caused by early separation on one side of the ball and late separation on the other side. To illustrate how a side force can arise in practice, we will consider the case of a new cricket ball with a raised seam, as shown in Fig. 1 .
Separation is a boundary layer effect whereby air flowing in a thin layer adjacent to the ball surface is slowed by friction until it comes to rest at the separation point. Air remains at rest right at the surface itself, increasing in speed away from the surface in the thin boundary layer, while the air speed in the boundary layer decreases in a direction along the surface. At the separation point, ∂v/∂y = 0 where v is the air speed along the surface and y is the coordinate perpendicular to the surface. Air is deflected away from the surface at the separation point, in a direction approximately tangential to the surface. Consequently, the net transverse flow of air in Fig. 1(a) is upward in the figure (actually to the left side of the ball, Fig. 1 being a bird's-eye view) since air separates later on the right side of the ball than the left side.
Typically, the separation point on a sphere is near the equator on both sides of the ball, at least if the ball surface is smooth and the air flow remains laminar in the boundary layer.
If one side of the ball is rough or if it has a raised seam, then the air flow in the boundary layer will become turbulent and separate from the ball further towards the rear of the ball.
Turbulent air in the boundary layer mixes with higher speed air at the outer edge of the boundary layer, thereby increasing the average air speed near the ball surface and delaying separation. However, if turbulent air encounters a raised seam, then the boundary layer is thickened 18 and the separation point remains near the equator, as indicated in Fig. 1(b) .
At high ball speeds, air in the boundary layer can become turbulent even if the ball surface is smooth. In that case, air flows in turbulent boundary layers on both sides of the ball regardless of whether one side is rough or contains a raised seam. Delayed separation on both sides of the ball acts to reduce the drag coefficient, resulting in a so-called drag crisis.
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As the ball speed increases the side force can therefore decrease to zero and may then reverse sign with a further increase in ball speed. The latter effect is responsible for reverse swing in cricket and occurs at Reynolds numbers above about 2 × 10 5 for a new ball or at ball speeds above about 90 mph.
III. EXPERIMENTAL DETAILS
Aerodynamic forces acting on a ball in flight increase with the speed and diameter of the ball but do not depend on the mass of the ball. The trajectory of a light ball therefore provides a more sensitive measure of the effect of the aerodynamic forces. An additional advantage of a light ball is that large changes in ball speed and direction occur over a short path distance and can be observed with a single or with two cameras rather than needing many such cameras to record the trajectory over a long flight path. 13 A disadvantage is that a light ball is also more sensitive to the effect of wind. Experimental data was collected outdoors only when the air was still. On windy days, the experiment was conducted in a lecture theatre using overhead projectors to illuminate the ball. The trajectory of each ball was filmed at high frame rates using relatively inexpensive cameras. One camera (a Casio EX-F1) was used to film at 300 frames/s, and a second camera (a Canon SX220HS) was used to film at 120 frames/s viewing at right angles to the first camera. Properties of the balls selected for this study are shown in Table 1 . The three polystyrene balls were nominally the same but one (S) was fitted with a circular loop of string glued to the ball to simulate a straight seam and one (BB) was fitted with an artificial baseball seam made from string and glued to the ball, as indicated in Fig. 2 . In both cases, the string diameter was 1.5 mm. For ball 2, the string was offset from the center by a distance b = 30 mm. The baseball seam was scaled directly from measurements of the stitching on an actual baseball. Polystyrene ball A was unmodified. The hollow plastic ball was smooth, apart from a small indentation used to inflate the ball. It was manufactured as a child's basketball and was slightly larger in diameter than an approved soccer ball (218 -221 mm). An attempt was made to launch hollow rubber balls at high speed using a tennis ball launcher but the raised seam glued to the ball resulted in an asymmetrical launch with unwanted sidespin. Consequently, rubber balls were not used. The balls listed in Table 1 were launched either by hand at relatively low speed and low spin or at higher speed and spin with a home-made lacrosse type ball launcher. The launcher was constructed from a 1.5 m length of 5 mm diameter aluminum rod, bent into the shape shown in Fig. 3 , and bolted to a rectangular wood handle. When launching the type B ball shown in Fig. 2 , the string seam did not come into contact with the launcher so sidespin could be avoided. The lacrosse launcher was swung either by hand or by pivoting it in a frame using an elastic bungee cord to swing it more precisely at controlled and adjustable speeds. No attempt was made to control the ball speed and spin separately, with the result that the spin imparted to the ball was approximately proportional to the launch speed, both when throwing by hand and when using the lacrosse launcher. Three separate experiments were undertaken using balls selected from Table 1 . In Experiment 1, balls 1 and 4 were projected in an approximately horizontal direction with backspin to measure the lift and drag forces. Ball 1 was projected outdoors at speeds up to 28 ms
and was observed to climb vertically to a height of about 4 m before falling back to the ground. In that experiment, the vertical acceleration of the ball was about 65 ms −2 and the horizontal acceleration was about −90 ms −2 at the beginning of the launch, the acceleration in both directions being much larger than the gravitational acceleration. Under some conditions (described in Sections V and VIII) the vertical acceleration of Ball 4 was found to be about −17 ms −2 , indicating that the Magnus force can sometimes be negative. 
and
where a x is the horizontal acceleration and a z is the vertical acceleration. From Eqs. (1) and (2) we find that
By filming the trajectory of a ball it is possible to estimate a x , a z and θ at all points along the trajectory and to calculate the drag and lift forces at each point. The main difficulty with this approach is that small digitizing errors in the measured coordinates x(t) and z(t) can lead to large errors in the acceleration components a x and a z , especially if the raw data is differentiated directly. The measured coordinates were therefore fitted with low order polynomials to smooth out small errors, including those due to pixel resolution of the cameras. In those cases where the ball speed decreased by less than about 20% over the measured path length, satisfactory results were obtained by fitting quadratic curves to the measured coordinates, in which case average values of the lift and drag coefficients could be obtained over the measured path. However, if the ball speed decreased by more than about 20% then constant values of the acceleration components could not be assumed and better results were obtained by fitting cubic or higher order polynomial curves to the position coordinates. In the latter case, the acceleration of the ball varied with time, allowing for a measurement of the variation in the drag and lift coefficients with velocity during a single ball throw.
Particular care was taken to ensure that an appropriate polynomial was chosen to fit the data without introducing significant additional errors. The fitted curves were differentiated to obtain the velocity components v x and v z and differentiated again to obtain a x and a z . The angle θ was obtained from the slope v z /v x , and g was taken as 9.81 ms −2 . It is emphasized that this approach is feasible only when using relatively light balls. In almost all cases where trajectory data has previously been used to determine drag and/or lift coefficients, including references 12-14, the procedure adopted has been to fit the trajectory data with numerically computed trajectories. In the latter approach, the lift and drag coefficients can be chosen to minimise differences between the data and the computational fit. 14 The approach outlined here does not require any assumptions regarding the variation of the lift and drag coefficients with ball speed or spin. A numerical trajectory cannot be computed without such an assumption.
Conventionally, drag and lift forces are expressed in the form
where ρ is the density of air, A is the cross-sectional area of the projectile, v is the ball speed, Fig. 9 . Scatter in the data for C L can be attributed in part to the variation in ball spin from one throw to the next. Results from one of the throws are shown in Fig. 8 . The x and z coordinates were fitted with low order polynomials and the results indicated that the lift force was negative at ball speeds in the range 9 < v < 14 ms −1 even though all balls were thrown with backspin.
For example, in Fig. 8(a) , z decreased from a maximum value of 1.88 m at t = 0.085 s to z = 1.59 m at t = 0.3 s. From the relation ∆z = 0.5a z (∆t) 2 we find that the average acceleration in the negative vertical direction during that time was a z = 12.5 ms −2 , larger than g despite the fact that the drag force had a component acting vertically upward during that time. At low ball speeds, the backspin imparted to the ball by hand was about 50 rad.s −1 and the ball deflected horizontally by about 100 cm over the 5 m distance to the target. As the launch speed was increased, the amount of backspin also increased and the ball deflected by a smaller amount, reducing to zero at a ball speed about 12 ms −1 when the ball spin was about 150 rad.s −1 . At higher speeds and spin, the ball deflected in the opposite direction to that observed at low ball speeds.
VI. EXPERIMENT 2: SIDE FORCE RESULTS

Results obtained with
The side force coefficient, C S , is typically about 0.2 to 0.3 for a cricket ball with conventional swing. For the polystyrene ball, the largest break was about 100 cm and was observed when the ball was thrown at an initial speed of about 9 ms The polystyrene ball with a baseball seam, Ball 3, was thrown by hand with backspin at a vertical target located 5 m from the launch point. The launch speed was held at about 10-12 ms −1 , corresponding to backspin at about 400-500 rpm, while the orientation of the seam was varied. The average ball speed over the 5 m distance to the target was about 6 to 7 ms −1 . When thrown as a 2-seam or 4-seam fastball (in terms of its orientation rather than speed) the ball did not deflect sideways since the seam remained symmetrical in the y direction. The largest horizontal sideways deflection in the y direction was 90 cm, and was obtained when the ball was oriented as shown in Fig. 11 . In that orientation, the spin axis remained horizontal so the Magnus force remained vertical but the spin axis was tilted by about 10
• in the x direction.
The ball was filmed at 300 frames/s from behind the thrower, viewing toward the target.
Video images were used to reconstruct views of the ball as seen by the batter, shown in Fig. 11 at 10 ms intervals during one full revolution. The result in Fig. 11 was obtained at a launch speed of 11.8 ms −1 . The ball took 0.70 s to strike the target so its average speed in the x direction was 7.1 ms −1 , and it slowed to about 4.5 ms −1 by the time it reached the target. The spin remained constant during the transit to the target.
VIII. DISCUSSION
The three experiments described in this paper have revealed a surprising variety of aerodynamic effects, all of which can be observed in the classroom for demonstration purposes or analyzed simply and safely in an undergraduate laboratory without the need for expensive equipment and without needing a wind tunnel. In the first experiment, the drag and lift forces on a polystyrene ball were measured over a speed range from 7 to 28 ms The sideways deflection observed in Experiment 3 cannot therefore be due to the same effect as that seen in Experiment 2, nor can it be attributed to the effect responsible for reverse swing of a cricket ball since the largest deflections in Experiment 3 were observed at low ball speeds rather than at high ball speeds. As shown in Fig 11, Consequently, a baseball in this orientation can be expected to behave in the same manner as a ball that is uniformly rough on the right side and uniformly smooth on the far left side.
The boundary layer will therefore be turbulent on the right side but the behavior of the boundary layer on the left side is less certain.
If the ball was completely smooth on the left side then the boundary layer would remain laminar at low ball speeds. Being partly rough and partly smooth, the boundary layer is likely to be less turbulent on the left side, in which case the separation point on the left side will be closer to the front of the ball than on the right side and air flowing around the ball will be deflected to the left at the rear of the ball. Consequently, the ball will deflect to the right, as observed. In that respect, the effect appears to be very similar to that observed with a scuff ball where one side is illegally roughened. Given that it is possible to generate a large break by roughening a baseball and allowing the spin axis to pass through the rough patch, 22 then the opposite effect is likely to be just as effective. Experiment 3 indicates that a smooth patch around the axis is indeed effective in generating a large break, and it is legal.
A real baseball pitched as in Fig. 11 will deflect by a smaller amount since it is much heavier than the polystyrene ball. However, if the side force coefficient C S = 0.2 and if the ball is pitched at say 80 mph (35.8 ms −1 ) then the ball will deflect sideways by 2 ft over the 60 ft distance from the pitcher to the batter. If the spin axis is tilted so that the Magnus force adds to the total side force then the sideways deflection will be even larger.
Experiments with real baseballs will be needed to quantify the magnitude of the side force more precisely, given that an artificial string seam on a polystyrene ball does not necessarily provide an accurate aerodynamic model of a real seam on a real baseball.
IX. CONCLUSION
Three relatively simple experiments have been described showing how the aerodynamics of a ball in flight can be conveniently studied or demonstrated using light polystyrene balls to minimize the effect of the gravitational force on the ball. It is easy to project a polystyrene ball at relatively high speed and it is safe to do so even in a classroom. Large, light balls can be projected at relatively low speed to examine the effects of the drag crisis and to observe how the Magnus force can sometimes be negative. The effect of a ball seam is also easy to study, simply by gluing a length of string around the ball, and it can be demonstrated that the side force arising from the seam changes direction at high ball speeds due to the onset of turbulence in the boundary layer on both sides of the ball. The effect of a baseball seam was also investigated and it was found that a side force can arise if the ball is pitched in such a way that one side of the ball remains smoother than the other.
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